The size and shape of nanocarriers can affect their fate in vivo, but little is known about the effect of nanocarrier aspect ratio on biodistribution in the setting of cancer imaging and drug delivery. The production of nanoscale anisotropic materials is a technical challenge. A unique biotemplating approach based on of rod-shaped nucleoprotein nanoparticles with predetermined aspect ratios (AR 3.5, 7, and 16.5) is used. These rigid, soft-matter nanoassemblies are derived from tobacco mosaic virus (TMV) components. The role of nanoparticle aspect ratio is investigated, while keeping the surface chemistries constant, using either PEGylated stealth nanoparticles or receptor-targeted RGD-displaying formulations. Aspect ratio has a profound impact on the behavior of the nanoparticles in vivo and in vitro. PEGylated nanorods with the lowest aspect ratio (AR 3.5) achieve the most effi cient passive tumorhoming behavior because they can diffuse most easily, whereas RGD-labeled particles with a medium aspect ratio (AR 7) are more effi cient at tumor targeting because this requires a balance between infusibility and ligand-receptor interactions. The in vivo behavior of nanoparticles can therefore be tailored to control biodistribution, longevity, and tumor penetration by modulating a single parameter: the aspect ratio of the nanocarrier.
Introduction
Nanotechnology can be defi ned as the development and application of materials that are 1-100 nm in diameter. This scale confers unique properties that are useful and valuable in fi elds such as chemistry, medicine, materials science, and electronics. One major application area is the use of nanoparticles in medicine, exceptions. [ 3 ] The in vivo comparison of fi lamentous and spherical nanoparticles with similar chemical properties has shown that the high-aspect-ratio fi laments have preferable tumor-homing properties because their shape allows them to evade macrophages leading to prolonged circulation, [ 3, 4 ] and confers enhanced margination properties for improved endothelial targeting. [ 3, [5] [6] [7] [8] [9] [10] We have made similar observations studying the fi lamentous nanomaterials formed by the plant virus potato virus X (PVX), which measures 515 nm × 13 nm and is a highly fl exible material. We observed that the PVX fi laments accumulate and penetrate tumors due to their elongated and fl exible nature. [ 11, 12 ] Because few studies have been carried out to determine the impact of nanoparticle shape and size, there is a lack of data considering the design virtues of nanomaterials that differ in terms of their aspect ratio only. Some reports indicate that highaspect-ratio materials (nanorods and nanofi laments) are taken up more quickly by cells than low-aspect-ratio materials (nanospheres) [ 13, 14 ] whereas other reports suggest the opposite. [15] [16] [17] [18] These discrepancies clearly refl ect the lack of comparability between different experimental set ups, e.g., the use of different cell lines, different growth media, varying incubation times, and distinct fi xation methods. Furthermore, the direct comparison of nanoparticles with different shapes is only valid if their chemical composition and surface chemistry are stringently controlled to ensure they are equal. For example, gold nanorods and nanospheres may exhibit opposite surface charges due to differences in the method of synthesis and the capping agents employed. [ 14 ] Caution must nevertheless be exercised when considering the data presented above because spherical nanoparticles with diverse sizes and chemical properties have been studied in detail, whereas there are fewer studies involving nanorods and nanofi laments and only a small number of these have considered how the aspect ratio affects biodistribution and targeting. In part, this refl ects the fact that synthetic nanospheres are easier to create than nanorods and nanofi laments. In fact, tailoring nanomaterials in two dimensions on the nanoscale to create anisotropic materials of defi ned aspect ratios while keeping the surface chemistry consistent remains technologically challenging using synthetic chemistry. To overcome this barrier, we used a unique biotemplated self-assembly approach to produce nucleoprotein-based nanorods formed by tobacco mosaic virus (TMV) protein and different RNA scaffolds.
TMV was the fi rst virus to be identifi ed and remains one of the best-characterized viruses in terms of genetics, molecular biology, and structural biology. It has served as a model system in virology and facilitated the development of key structural biology techniques. [ 19 ] More recently, it has become a key model of bioinspired materials in the fi eld of nanotechnology, where it has been developed, e.g., as a scaffold for light harvesting, [ 20 ] sensors, and battery electrodes, [ 21 ] as well as semiconducting transistor materials. [ 22 ] Virus-like particles in predetermined distinct length classes, generated using engineered TMV components in vitro, served as benefi cial additives in technically applied ferrofl uids, regulating both magnetoviscosity and shear stability according to the particles' aspect ratio. [ 23 ] In a medical context, TMV has been developed as a vaccination platform, [ 24 ] a tissue-engineering scaffold, [ 25 ] and molecular contrast agent for bioimaging applications. [ 26 ] The native TMV capsid comprises 2130 identical copies of the virus coat protein (CP), which self-assemble with the single-stranded RNA genome to form a 300 × 18 nm nanotube with a 4-nm longitudinal lumen, thereby integrating the RNA within a CP helix (see also Figure 1 A). TMV was fi rst Figure 1 . A) Bottom-up assembly of TMV nanoparticles using synthetic RNA templates containing an OAS, and purifi ed coat proteins (mechanistic scheme; proportions not in scale). B) Bioconjugation scheme: lysine 158 on each CP sub-unit is modifi ed with A647 and RGD or PEG using NHSreactive esters. C) TEM of negatively-stained i) PEG-TL, ii) PEG-TM, iii) PEG-TS, iv) RGD-TL, v) RGD-TM, vi) RGD-TS. Scale bar = 100 nm. D) Quantifi cation of A647 dye and PEG ligands per TMV particle.
identifi ed in tobacco but it infects many different plant species in at least 30 families. [ 27, 28 ] The virus can be propagated easily, which means that large amounts of the virus can be effectively "farmed" with little expense, providing a signifi cant economic advantage over synthetic nanomaterials, which are more expensive to produce, especially in large quantities. The structure of TMV is known to atomic resolution, and protocols for genetic engineering [29] [30] [31] [32] and chemical bioconjugation [ 33 ] are well-established, allowing the surface to be functionalized in a precise and predictable manner to facilitate the conjugation of imaging probes, targeting ligands, and drugs. For example, we recently achieved dual-modal opticalmagnetic resonance imaging of atherosclerotic plaques in a mouse model using a TMV-based contrast agent targeted to vascular cell adhesion molecule (VCAM)-1. [ 26 ] Our novel contrast agent was more sensitive than commercially-available products such as Magnevist, refl ecting the combined impact of the more concentrated distribution of imaging molecules (chelated Gd(DOTA)) on each nanoparticle, the specifi c targeting of the nanoparticle to the disease tissue, and the elongated shape of the particle, which promoted margination and endothelial targeting. [ 26 ] Viruses are versatile materials for nanomedical engineering because the structure is genetically encoded and therefore highly tunable, and the CP subunits have evolved to facilitate self-assembly. In the case of TMV, reconstitution experiments using purifi ed CPs with and without RNA templates yield either disk-shaped or rod-shaped structures. [ 34 ] During normal infections, TMV capsid assembly initiates at an RNA hairpin loop-forming sequence known as the origin of assembly site (OAS), [ 35 ] and the length of the resulting virion depends on the length of the genomic RNA. The wild-type TMV genome is 6395 nucleotides in length, which yields a 300-nm rod. However, the OAS is the only sequence necessary to initiate bidirectional encapsidation of an RNA strand by TMV CP. [ 36, 37 ] This enables a unique biotemplated approach to produce TMV-based nanorods of defi ned aspect ratio programmed by the length of the RNA molecule carrying the OAS. Based on this principle, synthetic RNA scaffolds freely dissolved or immobilized at one end, containing single or multiple OAS assembly nucleation sequences, have been combined with purifi ed TMV CPs to produce nanotubes with distinct longitudinal domains, [ 38 ] uncommon kinked and branched nanoobjects, [ 39 ] and bottomup-grown fl at [ 40 ] or star-shaped nanoparticle arrays. [ 41 ] We have developed this unique nanoparticle-programming technology to gain novel insights into the effect of aspect ratio on biodistribution in the setting of cancer imaging and drug delivery.
We set out to fabricate TMV-based nanoparticle formulations with constant diameters and equal surfaces, but different aspect ratios as governed by distinct RNA scaffolds, allowing a systematic comparison of biodistribution and tumor-targeting properties. Stealth TMV formulations were produced by covering the particle surface with polyethylene glycol (PEG) to overcome immune surveillance, and targeted TMV formulations were produced by displaying the integrin-targeting cyclic peptide ligand RGD via an intervening PEG spacer. PEG and RGD are commonly used surface modifi ers, specifi cally chosen as tools to provide surface chemistries that could be compared to other nanoparticle platform technologies currently in the development pipeline. Biodistribution and tumor-homing behavior were analyzed by Maestro imaging and fl uorescence molecular tomography (FMT) showing that both the aspect ratio and surface chemistry of the particles had distinct effects on in vivo behavior, including tumor localization and cancer cell versus immune cell targeting.
Results and Discussion

Synthesis of TMV Nanoparticles
We prepared three TMV particle formulations varying in length but identical in width by assembling purifi ed TMV CPs with in vitro synthesized RNA molecules of defi ned lengths, each containing an OAS (Figure 1 A, Table 1 ). Detailed methods are provided in the Supporting Information. This yielded TMV rods with median lengths of ≈300, 130, and 60 nm, corresponding to aspect ratios of 16.5, 7, and 3.5, respectively (Figure S1, Supporting Information). These are described hereafter as TL, TM, and TS for TMV long, medium, and short. In each case, we used a well-characterized TMV CP mutant, which replaces the threonine residue at position 158 with lysine. [ 38 ] The amine group of the lysine side chain is displayed on the particle surface to allow functionalization with fl uorophores, PEG, and the RGD ligand.
Conjugation using the lysine side chain described above should not affect the integrity of the TMV particles. We therefore conjugated TL, TM, and TS with AlexaFluor647 (A647) for imaging, PEG5000 to evade immune surveillance, or the cyclic RGDfC peptide for tumor targeting (Figure 1 B) . In the latter case, the cysteine side chain of the peptide was used for conjugation via a 500-Da PEG spacer. The reactions and methods are described in detail in the Supporting Information. PEG is a validated stealth polymer with low toxicity and immunogenicity, [ 42 ] which reduces serum protein adsorption and thus increases residence time in the circulation, and ensures that less of the nanoparticle formulation is deposited in the liver and spleen. [43] [44] [45] [46] [47] RGD targets α v β 3 and α v β 5 integrins, which are overexpressed on tumor cells and the neovasculature in many forms of cancer, and the upregulation of integrins is associated with tumor progression and resistance. [ 48, 49 ] Integrins are therefore validated targets for molecular imaging and targeted therapy, hence several RGD-based, integrin-specifi c contrast agents are currently undergoing clinical development. [49] [50] [51] PEG and RGD are widely used surface modifi ers; we chose these molecules because this should allow us to correlate and translate our fi ndings to other nanoparticulate systems under development.
After purifying the modifi ed TMV particles, the new surface chemistries were verifi ed using a combination of transmission electron microscopy (TEM) (Figure 1 C) , UV-visible spectroscopy ( Figure S2A , Supporting Information), and protein gel electrophoresis ( Figure S2B , Supporting Information). These experiments confi rmed that the stealth particles (PEG-TMV) and targeted particles (RGD-TMV) were intact and incorporated the anticipated modifi cations. In the case of PEG-TS, PEG-TM, and PEG-TL, approximately 15% of the CPs on each particle were labeled with A647 and 25% displayed PEG5000. In the case of RGD-TS, RGD-TM, and RGD-TL, approximately 10% of the CPs on each particle were labeled with A647 and 10% displayed the RGD peptide (Figure 1 D) .
Tumor-Homing Properties
We tested the tumor-homing properties of TMV formulations with different aspect ratios using an established mouse model of colon cancer (NCr nu/nu nude mice with subcutaneous HT-29 xenografts). All animal studies were carried out using IACUC-approved procedures for in vivo imaging, ex vivo imaging, and histology, which are described in detail in the Supporting Information. The nanoparticle formulations were administered intravenously as a single 10 mg protein per kg body weight dose, and the animals were examined using the Maestro imaging system 6 and 24 h post-administration ( Figure 2 A) . The mice were then sacrifi ced and the tumors, livers, spleens, and lungs removed for ex vivo quantitative tissue analysis. Both the stealth particles and the targeted particles showed aspect ratio-dependent effects; notably, the optimum aspect ratio differed for distinct surface functionalizations. The accumulation of stealth particles in tumors appeared to be aspect ratio-dependent, with the lowest-aspect-ratio particles accumulating at higher concentrations (PEG-TS > PEG-TM > PEG-TL). In contrast, although the accumulation of the targeted particles was also aspect ratio-dependent, it was the 130-nm particles (RGD-TM) that accumulated to the highest levels in tumors (Figure 2 B) .
Tumor homing by stealth particles is mediated passively by the enhanced permeability and retention (EPR) effect, [ 52 ] whereas the RGD-targeted nanoparticles are actively targeted to tumor-associated integrin receptors (the integrin-specifi city of Figure S4 , not shown). The differences in tumor-homing properties between the stealth and targeted particles therefore appear to refl ect their different targeting mechanisms. The efficiency of tumor accumulation was similar when we compared PEG-TM and RGD-TM, or PEG-TL and RGD-TL (Figure 2 B) . Others have also shown that targeting ligands only marginally improve the tumor-homing properties of nanoparticles compared to nontargeted controls, but there were differences in the overall biodistribution profi les and the localization of the nanoparticles within the tumors, [ 53 ] which is consistent with our histological observations described below.
In contrast to the longer particles, there were signifi cant differences in tumor accumulation between the low-aspect-ratio stealth and targeted formulations, with PEG-TS showing more effi cient tumor targeting than RGD-TS (Figure 2 B) . The highmolecular-weight PEG layer in the PEG-TS formulation may provide a more effective stealth effect than the shorter intervening PEG spacer in the RGD-TS formulation, protecting the particles from serum protein adsorption and thus achieving immune evasion and more effi cient passive tumor accumulation. This is consistent with reports describing the prolonged circulation of PEGylated liposomal doxorubicin formulations, which promotes EPR-mediated tumor homing. [ 54, 55 ] Increased passive tumor homing of PEGylated formulations, such as stealth liposomes, can be explained by their increased circulation times. The greater bioavailability increases the likelihood of nanoparticle accumulation mediated by the EPR effect. Because the RGD-TS formulations incorporate shorter PEG brushes compared to the PEG-TS formulation, we suggest that the differences in tumor accumulation result from differences in their pharmacokinetics profi les.
Further, the RGD-TS particles carry fewer RGD ligands than the RGD-TM and RGD-TL particles, which may not be sufficient for effective tumor targeting; multivalency and avidity are critical parameters to achieve effi cient targeting and integrin interactions. [ 56 ] In contrast, the RGD-TM and RGD-TL particles would be expected to bind two or more integrins simultaneously. Furthermore, recent studies have suggested that RGD ligands are useful for the imaging of tumor neovasculature but that the targeting ligand may not increase tumor homing [ 53 ] but instead may increase overall tissue distribution, [ 57 ] which is also consistent with our fi ndings (Figure 2 C) . Effective integrin targeting is highly dependent on the ligand density. [ 58 ] It would therefore be benefi cial to investigate the role of RGD density and PEG spacer length on the effi ciency of tumor targeting.
The more effi cient passive tumor homing of the low-aspectratio stealth formulation may refl ect the pore size of the leaky vasculature, which differs among tumor types and the stage of disease. [ 59 ] The pore size limits the extravasation of nanocarriers, with smaller nanoparticles having a greater opportunity to exit the circulation and accumulate within the tumor tissue. [ 60 ] Nanomaterials with smaller dimensions generally show more effi cient tumor penetration. [ 61 ] This is consistent with PEG-TS showing higher tumor accumulation and penetration compared to PEG-TM and PEG-TL. Also, the more effi cient tumor homing shown by the mid-sized RGD-TM particles suggests that tumor homing involves passive and active mechanisms acting in synergy, with the mid-sized particles showing the most benefi cial combination of size and ligand density. In summary, the aspect ratio of nanomaterials affects their tumorhoming properties; aspect ratio can be used as a design parameter (in addition to surface chemistry) to tailor the in vivo profi les of nanoparticle-based contrast agents or drug carriers.
Biodistribution and Clearance
We measured the distribution of each formulation between the healthy and tumor tissue 6 and 24 h post-administration. We found that there was more of the targeted formulation in the liver, spleen, and lungs compared to the tumors after 6 h, and only residual amounts left in the body after 24 h indicating rapid tissue clearance ( Figure 3 ). Nanoparticles decorated with RGD ligands have previously been shown to accumulate in the organs of the macrophagocytic system, refl ecting structural differences in the protein corona compared to stealth nanoparticles. [ 57 ] Rapid tissue clearance is consistent with our previous TMV biodistribution studies, [ 62 ] and makes TMV particularly attractive for molecular imaging and drug delivery approaches where rapid tissue clearance is necessary.
The stealth formulations generally had more favorable biodistribution profi les, with PEG-TS in particular achieving effective partitioning between the tumor and healthy tissues. Approximately 50% of the formulation accumulated in the tumor tissue, while the remainder was distributed in the liver, spleen, and lungs (Figure 2 C) . The aspect ratio therefore appears to affect partitioning during biodistribution, with higher-aspectratio materials promoting molecular targeting and lower-aspectratio materials promoting passive uptake by EPR.
The kinetics of biodistribution and clearance were studied by using fl uorescence molecular tomography (FMT) to compare the total abundance of PEG-TS and PEG-TL and their partition in the bladder and liver/spleen over time (Figure 3 ). Peak tissue accumulation occurred after 2 h for PEG-TS and 6 h for PEG-TL, probably refl ecting differences in the pharmacokinetic and clearance profi les as a function of aspect ratio. The PEG-TL formulation was expected to persist for longer because it evades the immune system more effectively and deposition in tissues is therefore delayed, as confi rmed by our histology and tissue culture experiments ( Figure 4 ). The majority of the total PEG-TL signal was cleared via the liver and spleen, indicating that the reticuloendothelial system (RES) was responsible, whereas the PEG-TS was deposited in the bladder, liver, and spleen, indicating renal fi ltration, especially at the early time points (Figure 4 ) . The size cut-off for glomerular fi ltration is less than 20 nm. [ 63 ] If TMV particles are aligned in the fl ow then they can pass through the renal fi ltration system, but longer TMV rods have a greater likelihood of being trapped while shorter versions pass through the glomerulus.
The biodistribution and clearance profi les are consistent with previous reports in which native TMV, PEG-TMV rods, and 50-nm TMV spheres were administered to healthy BALB/c mice. [ 62 ] It should be noted that spheres were not considered in the present study, because these materials display different protein domains on their surface-therefore TMV spheres do not compare to TMV rods in terms of their surface properties;
Adv. Healthcare Mater. 2015, DOI: 10.1002/adhm.201400641 and the essence of this study was to evaluate the effect of aspect ratio of otherwise identical anisotropic nanomaterials. Clearance via the liver and spleen was independent of surface chemistry and shape, but there were differences in clearance rate and pharmacokinetic behavior, with the spherical particles clearing more rapidly than their rod-shaped counterparts, and rod-shaped particles persisting for longer because of their more effi cient immune system evasion.
Histological Analysis and Interactions with Cancer and Immune Cells
Histological analysis showed that the stealth and targeted formulations were generally located in proximity to the tumor endothelium, but not necessarily co-localized with the tumor marker CD31 (Figure S3 , Supporting Information). Furthermore, only the RGD-targeted formulations were co-localized with integrin α v on the surface of angiogenic tumor endothelium and HT-29 tumor cells (Figure 4 A) .
The comparison of formulations with different aspect ratios showed that the PEG-TS penetrated further from the vessel wall than the larger versions as anticipated, because diffusion is slower for materials that have a greater molecular weight [ 64 ] or size. [ 65 ] In an earlier study, 60 × 15 nm gold rods were compared to spherical gold nanoparticles of the same diameter and the rods were found to penetrate further into the tumor, revealing that penetration and diffusion are dependent on particle shape. [ 6 ] The stealth formulations were not co-localized with tumorassociated macrophages (identifi ed by staining with a CD68specifi c marker) whereas the RGD-targeted nanoparticles co-localized with macrophages in a size-dependent and time-dependent manner. RGD-TS showed a greater degree of co-localization with CD68 after 6 h than RGD-TM or RGD-TL, consistent with our in vitro cellular uptake data (Figure 4 D) , whereas macrophage co-localization was not dependent on size after 24 h (Figure 4 B) . These data indicated that RGDlabeled nanoparticles targeted tumor cells more effectively if they had a higher aspect ratio but were recognized by immune cells more effectively if they had a lower aspect ratio. A recent study suggested that nanoparticle uptake by tumor tissue refl ects a combination of extravasation and monocyte delivery, i.e., carbon nanotubes were transported into the tumor tissue by monocytes, and this effect was increased for RGD-functionalized carbon nanotubes. [ 66 ] Although immune cell delivery was confi rmed for high-aspect-ratio carbon nanotubes, our data indicate that the immune-based delivery strategies can be tailored as a function of surface chemistry and aspect ratio.
We also investigated the behavior of our nanoparticle formulations in the presence of HT-29 cells (a colon carcinoma cell line) and RAW264.7 cells (a mouse macrophage cell line). Time-course interactions were evaluated quantitatively by fl ow cytometry and qualitatively by confocal microscopy. Our data confi rmed that integrin-expressing HT-29 cells were targeted by all three variants of the RGD-TMV formulations, whereas there was only negligible interaction with the stealth PEG-TMV particles (Figure 4 C,D) . Comparing the different aspect-ratio formulations, we found that the uptake of RGD-TS was most effi cient, and there was no statistically signifi cant difference in uptake rates between RGD-TM and RGD-TL. However, whereas RGD-TS and RGD-TM were internalized as shown by their co-localization with the lysosomal marker Lamp-1, RGD-TL was confi ned to the cell surface. The cellular uptake of nanoparticles is dependent on the competition between hydrodynamic driving forces and receptor diffusion kinetics. The optimal particle diameter for cellular uptake is 60 nm for spherical materials including icosahedral viruses [ 67, 68 ] and this explains the less effi cient uptake of formulations with a higher aspect ratio. Nanoparticles with RGD ligands undergo receptor-mediated endocytosis via the clathrin or caveolin pathways, the former involving the formation of clathrin-coated pits that produce vesicles 150-200 nm in diameter, and the latter involving the formation of fl askshaped membrane invaginations 50-100 nm in diameter. [ 69 ] Therefore, the vesicle size may inhibit the uptake of the 300-nm RGD-TL particles via receptor-mediated endocytosis (Figure 4 D) . The orientation and contact angle of the nanoparticle compared to the target cell also infl uence endocytosis [ 70 ] and phagocytosis. [ 4 ] The interactions with RAW264.7 cells also provided insight into the combined impact of shape and surface chemistry on the in vivo behavior of TMV nanoparticles. There was a signifi cant difference between PEG-TS and RGD-TS, with the stealth particles showing a much lower susceptibility to phagocytosis over prolonged periods of time (Figure 4 C,D) . In contrast, there was no signifi cant difference between PEG-TL and RGD-TL. Neither of the particles was particularly susceptible to phagocytosis, and the stealth coating did not appear to confer extra protection (Figure 4 C,D) . 
Conclusion
A growing of body of data suggests that nanoparticle shape and size infl uence their in vivo biodistribution; yet only a small number of anisotropic nanoscale materials have been investigated, and aspect ratio has been largely overlooked as a design parameter. It remains challenging to produce synthetic nanomaterials with a defi ned aspect ratio and identical surface chemistry, so we used a biotemplating approach to produce stiff nucleoprotein nanorods by the RNA-guided self-assembly of TMV CPs. This bioinspired approach enables the manufacture of TMV-based nanorods with identical surface chemistry and diverse aspect ratios, i.e., the nanorods are equivalent in all properties except their length.
We used a combination of in vivo imaging, ex vivo imaging, and histology to compare the tumor-homing properties and cellular interactions of stealth and RGD-targeted rod-shaped nanoparticle species of 18 nm core diameter, each prepared as three different formulations with distinct aspect ratios. We found that aspect ratio had a profound impact on the behavior of the particles in vivo and in vitro. Particles concealed from the immune system by PEGylation remained longer in the circulation and accumulated in tumors passively via the EPR system, with the lowest-aspect-ratio nanoparticles outperforming the higher-aspect-ratio particles in terms of tumor accumulation. In contrast, particles that were decorated with the targeting ligand RGD were recognized by immune cells and cleared more rapidly, but were able to interact specifi cally with the endothelium of the vasculature. Here, the mid-sized aspect ratio particles demonstrated the highest tumor accumulation, refl ecting their enhanced immune evasion compared to the lower-aspect-ratio nanoparticles, but enhanced cell targeting and uptake kinetics compared to the higher-aspect-ratio formulation.
Specifi cally, we found that PEGylated particles with the lowest aspect ratio (3.5) showed enhanced passive tumorhoming behavior because they were more likely to diffuse through the endothelium and into the tumor. In contrast, RGD-labeled particles with the lowest aspect ratio were less effi cient at tumor targeting because they were easily removed by macrophages and did not carry enough ligands to bind effectively to target integrins. RGD-labeled particles with the highest aspect ratio (16.5) were unable to pass through the epithelium (and in vitro they were trapped at the cell membrane because they were too large for internalization by endocytosis or phagocytosis). Therefore, it was the medium-sized variant (130 × 18 nm, aspect ratio: 7) that showed the most effi cient targeting based on a combination of effi cient target binding and effi cient diffusion.
Our studies therefore show that the in vivo behavior of elongated nanoparticles can be exquisitely tailored to control biodistribution, longevity, and tumor penetration by modulating the aspect ratio using a biotemplated bioengineering design.
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